The combined constraints from six early Run 2 ATLAS searches for supersymmetry are interpreted in the phenomenological minimal supersymmetric extension to the Standard Model (pMSSM). Each of the searches was based on proton-proton collision data recorded in 2015 at √ s = 13 TeV with 3.2 fb −1 of integrated luminosity. Sensitivity to squarks of the first two generations and gluinos are evaluated using fast detector simulation. Results are presented in the 19-parameter R-parity conserving pMSSM with the lightest supersymmetric particle (LSP) being the neutralino. Considering 181.8k points that survived Run 1 constraints, 15.7% are excluded at 95% confidence level. Of those satisfying these Run 2 constraints, 0.5% (1.0%) have sub-TeV gluinos (sub-500 GeV squarks), the lightest of which has a mass of 757 GeV (293 GeV) with a 689 GeV (217 GeV) LSP. This is not the work of, nor endorsed by, the ATLAS or CMS collaborations.
Introduction
Direct searches for supersymmetry (SUSY) remain central to the LHC physics programme. Introducing supersymmetric particles (sparticles) ameliorates fine-tuning in the Higgs sector, facilitates unification of gauge couplings and, when R-parity is conserved, provides dark matter candidates. Naturalness arguments favour coloured sparticles to have weak-scale masses and to be within reach at the LHC. For Run 2 in 2015, the ATLAS and CMS collaborations resumed searches for supersymmetry using 3.2 fb −1 and 2.2 fb −1 of integrated luminosity respectively. However the dearth of statistically significant signals persists [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Experimental searches usually present lower mass bounds in terms of simplified models comprising a small number of kinematically accessible sparticles [18] , or small subspaces of the minimal supersymmetric extension to the Standard Model (MSSM) derived from theoretical assumptions at high-energy scales [19, 20] .
An alternative framework advocated for interpretation is the p(henomenological)MSSM [21] [22] [23] [24] . The ATLAS collaboration recently re-examined 22 Run 1 searches at 7 and 8 TeV using up to 20.3 fb −1 of integrated luminosity within a 19-parameter pMSSM [25] . By employing the complete ATLAS detector simulation, reconstruction and analysis software, the collaboration performed a comprehensive assessment on the status of the MSSM after Run 1. The parametric freedom allowed them to explore correlations between independent searches and phenomenological implications on non-collider observables such as dark matter. They found scenarios with percent level finetuning that remained viable after Run 1 and within Run 2 reach.
The rich exclusion information is both valuable for improving search strategies and also amenable for novel machine learning studies [26] , further meriting this broad interpretation approach.
This Letter presents the first interpretation of ATLAS searches based on data taken at √ s = 13 TeV in 2015 within the 19-parameter pMSSM. Run 2 sensitivity already extends simplified model limits beyond their 8 TeV counterparts and is equally expected to impact this pMSSM space. Using fast detector simulation, we interpret constraints from six Run 2 searches on the set of pMSSM points considered by ATLAS in Run 1 [21] [22] [23] [24] [25] . In this work, we assess sensitivity to strongly interacting sparticles, given available luminosity, specifically production of squarks of the first two generations and gluinos.
Model points and methodology

Review of ATLAS pMSSM
The ATLAS collaboration obtained their 19-parameter pMSSM points by making several phenomenologically motivated assumptions; see Ref. [25] for full details. The discrete symmetry R-parity was taken to be exactly conserved, and the lightest supersymmetric particle (LSP) was required to be the neutralinoχ 0 1 . Minimal flavour violation was imposed and no new CP violating phases were introduced. The resulting 19 free parameters were scanned with flat priors, subject to LEP lower bounds on sparticle masses. The upper ceiling on mass scales was taken to be 4 TeV. Indirect constraints from precision electroweak measurements, muon g µ − 2 , Z 0 invisible width, Higgs mass, heavy flavour physics were then applied to over 3 million resulting models. The LSP was not assumed to be the sole constituent of cosmic dark matter so only the Planck [27] Table 2 : Viable model points before Run 2 constraints. These are classified by the dominant contribution to the LSP being bino, wino or Higgsino. Longlived (LL) models with cτ > 1 mm require dedicated Monte-Carlo simulation and are omitted from this study. Event simulation was performed on non-LL models with total strong sparticle production cross-section σ tot ≥ 5 fb.
The remaining 310.3k models were evaluated by ATLAS against 22 Run 1 searches, as described in Ref. [25] . Models with sensitivity were excluded at 95% confidence level. AT-LAS categorised models by the dominant contribution of the LSP being the bino, wino or Higgsino as defined in table 1, due to their different resulting phenomenology. Overall, ATLAS found 40.9% of models to be excluded by their Run 1 analyses, with the 2-6 jets search [11] being most constraining. Searches for coloured sparticles had greatest sensitivity and reasonable corroboration with simplified models was reported. ATLAS noted the disappearing track search [12] was also highly constraining, especially to wino-like LSP models with metastable charginos. The distributions of sparticle masses were altered, most substantially at lower masses, as one would expect.
13 TeV signal and detector simulation
The 183.8k models from Ref. [25] that survived Run 1 constraints are considered for 13 TeV sensitivity with the following procedure. First, we omit 1% of models featuring longlived sparticles with cτ > 1 mm (as defined in Ref. [25] ), since they require dedicated simulation beyond the scope of this Letter. Next, we calculate the 13 TeV total production crosssections σ tot of any two coloured sparticles at leading-order using MadGraph5 v2.3.3 [28, 29] . Based on sample studies, we assume the subset of models with σ tot smaller than 5 fb have no sensitivity with 3.2 fb −1 of Run 2 luminosity and are deemed not excluded. The bottom row of table 2 consists of the remaining models selected to perform signal and detector simulation as follows.
We use MadGraph5 to generate events in which any two coloured sparticles are produced from proton-proton collisions, with up to one additional parton in the matrix element. These events are computed at tree level then showered and hadronised by Pythia 6.428 [30] , employing the CTEQ6L parton distribution functions [31] . The MLM prescription [32] match jets with the MadGraph minimum parton k T parameter set to 100 GeV and Pythia jet measure cutoff at 120 GeV, in accord with Ref. [25] . The Delphes 3.3.2 [33] package performs fast detector simulation, using the anti-k T clustering algorithm with cone parameter R = 0.4 in the Fastjet 3.1.3 package [34, 35] for jet reconstruction. The exact event cleaning requirements, object reconstruction efficiencies, and isolation and overlap criteria vary between analyses. To reduce disk usage to a manageable level, we take these quantities to be universal and produce one Delphes file of reconstructed objects per pMSSM point. This parametrisation yields acceptable results during validation and we manually reweight events at the analysis stage where necessary.
Recasting ATLAS analyses
To replicate ATLAS event selection, we utilise the MadAnalysis5 v1.3 recasting framework [36, 37] . We adapt codes from the MadAnalysis Public Analysis Database (PAD) [38] [39] [40] for the 13 TeV ATLAS analyses listed in table 3 where available, and write our own otherwise. ATLAS optimised the searches to target production of squarks and gluinos, typically decaying into jets accompanied by missing transverse momentum with magnitude E miss T . The 2-6 jets and 1-lepton analyses apply the aplanarity variable [41, 42] . We implement top-tagging in our Multi-b analysis by reclustering R = 0.4 jets using the anti-k T algorithm into R = 1.0 jets and retaining those that satisfy the kinematic criteria defined in Ref.
[4]. Full details of event selection are in the ATLAS references.
Each of our implemented analyses are validated to ensure consistent behaviour with the corresponding ATLAS search. Cutflows for at least one benchmark point per analysis have better than 30% agreement at each event selection, which is within systematic uncertainties. We also reproduce the observed simplified model limits to within 100 GeV of those published by ATLAS, utilising next-to-leading order (NLO) cross-sections from Ref. [43] . After samples are generated and analysed, the RecastingTools package in MadAnalysis5 performs statistical tests using the CL s prescription [44] . We deem a pMSSM point excluded if the best expected CL s value is less than 0.05 for at least one analysis. No attempt is made to statistically combine results from different analyses, which is beyond the scope of this study. While we would typically expect NLO cross-sections to systematically increase signal yields by order 30%, this is within the considerable parton distribution function uncertainties. Thus leading-order cross-sections we calculated in MadGraph5 are used together with 3.2 fb −1 of integrated luminosity to normalise event yields for each pMSSM point. [25] , the 2-6 jets search remained the most constraining at Run 2. Excluding 12.6% of all models analysed, it was particularly sensitive to bino-like LSPs. We find the next most constraining analysis is the Multi-b, excluding 4.2% of models.
Results and discussion
Exclusion by Run 2 analyses
This larger fraction of bino-like LSP models being excluded arises from the prior distribution of gluinos. Before applying our analyses, gluino masses were generally skewed towards higher masses due to stringent Run 1 constraints. However for bino-like LSP models, a greater proportion of models with subTeV gluinos remain. This can be understood in terms of cosmological relic density requirements. Models with bino-like LSPs typically oversaturate the Planck dark matter bound and thus require a near-degenerate next-to-LSP (NLSP) such as a gluino to act as an early universe co-annihilator. Table 4 shows the percentage of models excluded by an analysis in each row that is also excluded by another in the columns. Though several searches were optimised for pair gluino production, they targeted different decay processes or final states such as lepton presence. The good complementarity between different searches is therefore exhibited for Run 2, with varying degrees of overlap. For example, of the models excluded by the 2-6 jets search, 13% are also excluded by the Multi-b analysis. The 2-6 jets search also features a '2jm' signal region, which targets sparticles recoiling off an energetic jet from initial-state radiation, similar to the dedicated Monojet analysis. Though the resulting overlap is large, the Monojet search maintains unique sensitivity to 0.2% of models featuring very small mass splittings between the produced sparticle and LSP.
Gluino and squark masses
Results are also presented by projecting the 19-dimensional pMSSM into two-parameter subspaces. While comparisons can be made with the ATLAS summary paper [25] , care must be taken with interpretation. The parameter space is highly correlated, with some regions being particularly sensitive to indirect constraints. Moreover, we display fractions of models excluded normalised to those that survived Run 1 constraints, with longlived models removed. This fraction can be sensitive to large 2-6 jets 7-10 jets 1-lepton Multi-b SS/3L Monojet 2-6 jets  100%  3%  5%  13%  0%  10%  7-10 jets  76%  100%  59%  91%  4%  6%  1-lepton  65%  34%  100%  55%  8%  7%  Multi-b  39%  12%  13%  100%  1%  1%  SS/3L  10%  5%  17%  6%  100%  3%  Monojet  99%  3%  6%  5%  1%  100%   Table 4 : Exclusion overlap: percentage of models excluded by a Run 2 analysis on each row that is also excluded by another in the columns. 100% is reserved for complete overlap of models excluded.
changes in prior distributions of sparticle mass compared with Ref. [25] . We focus on gluinos and squarks, where the latter henceforth refers to any of the mass states resulting from leftor right-handed dominated squarks of either the first or second generationq ∈ {d,ũ,s,c} L,R . Figure 1 displays the fraction of model points excluded by our combination of the Run 2 analyses out of the points that survived Run 1 constraints, projected into the gluino-LSPg-χ 0 1 and lightest squark-LSPq-χ 0 1 mass planes. The increased sensitivity of Run 2 searches is already unambiguous, especially at low sparticle masses. Production cross-sections and therefore sensitivity decrease with higher masses. Gluinos experience a greater boost in sensitivity going from 8 to 13 TeV than squarks due to advantageous scaling of LHC parton distribution functions. There is good corroboration with the simplified model limit of gluinos directly decaying to LSPg → qqχ simplified model assumes the lightest squark is mass degenerate with all other left-or right-handed first or second generation squarks. The exclusion of high gluino/squark masses is understood to be a result of mass correlations between different sparticles allowed by the pMSSM. Figure 2 illustrates this by projecting into the mass plane of lightest squark vs gluino. Models with high gluino masses can be excluded due to the presence of low mass squarks, and vice versa. This projection also reveals a localised region of high exclusion around 1.4 TeV gluino and 1.8 TeV squark masses. We find this is largely due to the Multi-b search rather than the 2-6 jets analysis, again demonstrating the complementarity of analyses. For this projection, the most recent ATLAS simplfied model available for comparison is from the Run 1 8 TeV 2-6 jets search [11] .
Of the model points that survive our Run 2 constraints, 0.5% contain sub-TeV gluinos, the lightest of which is model number 189200115 with a 757 GeV gluino and 689 GeV LSP. Meanwhile 1.0% have at least one sub-500 GeV squark, with model number 8243590 featuring the lightest squark mass of 293 GeV accompanied by a 217 GeV LSP. Furthermore, ATLAS identified models with lowest fine-tuning (percent level) favoured low in table 3 out of the points that survived Run 1 constraints, projected into the gluino-squarkg-q mass plane. The overlayed grey dashed line is the 'gluinosquark-LSP simplified pMSSM' scenario from the 8 TeV 2-6 jets search [11] . Here m(q) is the mass of the lightest squark among the first two generations. The colour scheme is described in figure 1. third generation squark masses, with much of the other spectrum decoupled [25] . These remain viable after the early Run 2 papers analysed here, though it should be noted that third generation squarks were beyond the scope of this study.
Conclusion
In summary, this study interpreted results from six early Run 2 ATLAS searches for supersymmetry to assess its impact on the 19 parameter R-parity conserving pMSSM with neutralino LSP. Each analysis was based on LHC proton-proton collision data at 13 TeV with 3.2 fb −1 of integrated luminosity recorded in 2015. Considering 181.8k model points that survived Run 1 constraints, 71.4% underwent particle and fast detector simulation, with over 3 billion events generated. We considered sensitivity to squarks of the first two generations and gluinos.
Of the pMSSM points that survived Run 1 constraints, 15.7% were excluded at 95% confidence level by Run 2 analyses. This demonstrates the considerable sensitivity of Run 2 searches beyond Run 1, being particularly salient for low-mass gluinos. The 2-6 jets analysis was the most constraining, excluding 12.6% models alone, with the next most constraining being the Multi-b search at 4.2%. The good complementarity between searches was also exhibited. Of the model points satisfying Run 2 constraints, 0.5% (1.0%) contain sub-TeV gluinos (sub-500 GeV squarks), the lightest of which has a mass of 757 GeV (293 GeV) accompanied by a 689 GeV (217 GeV) LSP. With greater luminosity, LHC Run 2 is expected to bring such points to sensitivity and will continue to probe hitherto unexplored regions of the pMSSM space.
